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Zeolitic imidazolate frameworks (ZIFs) are porous crystalline materials with tetrahedral networks that resemble those of zeolites: transition metals (Zn, Co) replace tetrahedrally coordinated atoms (for example, Si), and imidazolate links replace oxygen bridges 1 . A striking feature of these materials is that the structure adopted by a given ZIF is determined by link-link interactions, rather than by the structure directing agents used in zeolite synthesis 2 . As a result, systematic variations of linker substituents have yielded many different ZIFs that exhibit known or predicted zeolite topologies. The materials are chemically and thermally stable, yet have the long-sought-after design flexibility offered by functionalized organic links and a high density of transition metal ions [1] [2] [3] [4] [5] [6] [7] . Here we report the synthesis and characterization of two porous ZIFs-ZIF-95 and ZIF-100-with structures of a scale and complexity previously unknown in zeolites [8] [9] [10] . The materials have complex cages that contain up to 264 vertices, and are constructed from as many as 7,524 atoms. As expected from the adsorption selectivity recently documented for other members of this materials family 3 , both ZIFs selectively capture carbon dioxide from several different gas mixtures at room temperature, with ZIF-100 capable of storing 28 litres per litre of material at standard temperature and pressure. These characteristics, combined with their high thermal and chemical stability and ease of fabrication, make ZIFs promising candidate materials for strategies aimed at ameliorating increasing atmospheric carbon dioxide levels.
Since the initial observation 4 that crystalline imidazolate frameworks with structures reminiscent of those exhibited by zeolites can be readily synthesized, a number of porous ZIFs have been developed [1] [2] [3] [5] [6] [7] by realizing that the 145u Si-O-Si bond angle in zeolites is close to the angle formed by imidazolates (IMs) when bridging transition metals (Fig. 1a) . ZIFs reported so far-for example, those with RCSR (Reticular Chemistry Structure Resource) structure symbols sod, cag, mer, crb, dft, gis, rho, gme and lta-are predominantly simple uninodal (one type of tetrahedral centre) structures 11 . Whereas the structure of silicate-based zeolites is templated by structure directing agents (SDAs, typically organic amines) that remain as extra-framework entities, the structure adopted by a given ZIF predominantly depends on the type of IM and solvent used. Introduction of greater structural diversity to ZIF chemistry thus naturally begins with functionalization of IM linkers. In fact, it has been shown that link-link interactions can direct the formation of specific ZIF structures 2 . In the present case, an examination of 2-methylimidazolate (mIM) and benzimidazolate (bIM), which form ZIF-8 (structure symbol sod; Fig. 1b ) and ZIF-11 (rho; Fig. 1c ), respectively 1 , and modelling studies of sod and rho type structures, indicated that functionalization of the 6-membered ring (6MR) at the 4 or 5 position of bIM overcrowds links and inhibits the formation of rho (Fig. 1d ) 12 . Thus we reasoned that proceeding with readily available 5-chlorobenzimidazolate (cbIM) should produce new ZIF topologies by increasing the IM girth (Fig. 1) .
ZIF-95 was synthesized and structurally characterized by X-ray diffraction, and was found to be tetragonal (see Methods and Supplementary Information Section S1). It has a neutral framework with all Zn nodes tetrahedrally coordinated by cbIM. The 4-coordinated net of linked Zn atoms has a topology we name 'poz'. Salient features of the structure are two large cages (Fig. 2a-c The packing of these cages can be seen from the illustration of them as a tiling in Fig. 3a . In Table 1 we list the numbers of faces, edges and vertices in these cages. It may be seen that the A cage has the same size, by this measure, as the faujasite 'super cage', which serves as a benchmark for large cage zeolites; the B cage is significantly larger. 14 . Application of conventional small molecule chemical crystallographic methods was inadequate in achieving a structural solution for ZIF-100. Thus a new strategy was developed, which borrows from techniques and computational methods used for biological macromolecule crystallography (see Supplementary Information Section S1). Here, dual-space direct-methods procedures (Shakeand-Bake v2.0) produced initial phases from the observed structure factors (F obs ) and electron density maps identifying the positions of heavy atoms (Zn and disordered Cl) 15 . Positions of C, H and N were not revealed at this stage. From our previous ZIF studies 1 we knew that the nearest neighbour Zn-Zn distances measure 6.0(4) Å , which is close to the Zn-Cl distance of 6.0-6.5 Å expected from molecular modelling. This created a challenge for initial placement of cbIM C and N atoms, which was reconciled through systematic positioning of a rigid five-membered C 3 N 2 IM ring and testing for all possible connections between heavy atom positions. Upon refinement, correct IM placement was identified by: (1) obtaining chemically logical bond lengths and angles, and (2) the emergence of peaks from subsequent Fourier difference maps corresponding to atoms from 6MRs of cbIM which are geometrically aligned to the positions of disordered Cl atoms. Given the magnitude of the ZIF-95 and ZIF-100 structures, their high porosity, and the population of their pores with highly disordered guest molecules, the final refined structures have expectedly elevated reliability factors compared to those from small molecule crystallography. However, bond lengths and angles in the final structures are statistically and chemically reasonable values. Indeed, the reliability factors are better than those generally obtained for biological crystal structures, indicating that our structural refinements accurately describe the composition and atomic connectivity of ZIF-95 and ZIF-100.
ZIF-100 has a beautifully complex structure constructed from simple building blocks (Figs 2d-f and 3b) . Of the ten Zn atoms that form the (3,4)-coordinated net with the topology symbolized as moz, nine are connected to four cbIM linkers and the remaining one (Zn8) Table 1) , which is one of the most complex polyhedra ever found in an inorganic material. This moz cage (95.6 kDa) is built from 7,524 atoms-264 Zn, 3,604 C, 2,085 H, 26 O, 1,030 N, 515 Cl-and has a 67.2 Å outer sphere diameter and a 35.6 Å inner sphere diameter. The inner sphere diameter is determined by fitting a sphere from the centroid of the cage to the van der Waals surface of its wall. In comparison, the corresponding distances in the faujasite super cage are 18.1 Å and 14.1 Å ( Table 1) .
The remarkably large pore sizes prompted us to examine the structural and thermal stability of these ZIFs and their gas uptake behaviour. Thermal gravimetric analysis and powder X-ray diffraction studies revealed a thermal stability range up to 500 uC for both ZIF-95 and ZIF-100 (Supplementary Information Sections S2 and S4). Full activation of ZIF-95 and ZIF-100 was achieved by soaking crystals in acetone or methanol, respectively, for 72 h and heating at 50 uC for 10 h under reduced pressure (10 23 torr) and then at 100 uC for 12 h; their permanent porosity subsequently was proven using a N 2 or Ar adsorption measurement (Supplementary Information Section S5). The Langmuir surface areas were 1,240 m 2 g 21 and 780 m 2 g 21 for ZIF-95 and ZIF-100, respectively (Fig. 4a, b) , which is more than double those of the most porous zeolites. The BET method 16 Slow diffusion of gas was evident for both ZIFs during adsorption analysis. The slow diffusion can be ascribed to pore apertures that are not much larger than the kinetic diameter of many small gases and therefore restrict migration of the gases into the pores. The two ZIFs thus uniquely combine huge cavities (24.0 Å and 35.6 Å for ZIF-95 and ZIF-100, respectively) and highly constricted windows (largest apertures, 3.65 Å and 3.35 Å , respectively), which points to their possible utility in carbon dioxide capture and storage. It is now commonly believed that carbon dioxide emissions from burning of fossil fuels in power plants and automobiles are altering the temperature of the atmosphere and the acidity of the oceans with undesirable consequences for the Earth's environment 17 . It has been shown 3, [18] [19] [20] [21] [22] that MOFs and ZIFs can hold large amounts of gases, including carbon dioxide, and that gas uptake can be selective. But it remains challenging to efficiently and selectively capture CO 2 from industrial emission streams (which invariably contain other gases such as CH 4 , N 2 and so on); such a capability could allow for an efficient and economic reduction in CO 2 emissions 23, 24 . Carbon dioxide, methane, carbon monoxide and nitrogen adsorption isotherms were measured for both ZIFs (Fig. 4b) , which clearly show a disproportionately high affinity and capacity for CO 2 (Fig. 4b) . ZIF-100 is seen to outperform ZIF-95 and the prototypical adsorbent BPL carbon, which is widely used in industry owing to its ease of desorption and regeneration 25 . We note that some zeolite materials outperform not only BPL carbon but also our ZIFs in terms of selective CO 2 adsorption 26 , but regeneration difficulties mean that their suitability for practical use is uncertain 25 and they were therefore not included in the comparative adsorption measurements. Figure 4b also illustrates that both ZIFs show complete reversibility Mes., mesoporous. FAU, faujasite. * Inner diameter of each cage is measured by the diameter of the largest sphere or ellipsoid that fits into the cavity; outer diameter is calculated from the centre-to-centre distance of the outmost atoms of each cage.
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LETTERS of adsorption, indicating that they might serve as selective carbon dioxide reservoirs before the gas is processed further (for example, injected into an underground geologic formation). More detailed analysis of the data in Fig. 4b indicates that one litre of ZIF-100 can hold up to 28.2 l (55.4 g, or 1.7 mmol per g of ZIF-100) of CO 2 at 273 K and 15.9 l (31.2 g) at 298 K, with a single moz cage capturing as many as 121 CO 2 molecules at 273 K and 68 molecules at 298 K and ambient pressure. These adsorption characteristics are in line with the recent report 3 of 1 l of ZIF-69 storing 82.6 l of CO 2 at 273 K. The selectivity of ZIFs for carbon dioxide thus clearly exceeds that of BPL carbon (Table 2 and Supplementary Information Section S5; see also ref.
3). Some MOFs 20 have a higher overall capacity for carbon dioxide, but they do not show the level of selectivity observed with ZIFs.
Preliminary breakthrough experiments (see Methods and Supplementary Information Section S6) were also carried out to show that carbon dioxide can be held in the pores of ZIF-95 and ZIF-100 when exposed to streams containing binary mixtures of CO 2 /CH 4 , CO 2 /CO or CO 2 /N 2 (50:50 v/v). Figure 4c shows the results for CO 2 /N 2 passing through 1.2 g of ZIF-95 and CO 2 /CH 4 passing through 1.1 g of ZIF-100. It is very clear that in both cases only carbon dioxide is retained in the pores while the other gas passes through without hindrance; this observation lends further support to the idea of using ZIFs as selective carbon dioxide reservoirs. We attribute the high selectivity for carbon dioxide seen here to the combined effects of the slit width of the pore apertures being similar in size to carbon dioxide (kinetic diameter ,3 Å ), and the strong quadrupolar interactions of carbon with nitrogen atoms present in the links. , right) ; the filled and open shapes represent adsorption and desorption, respectively. P/P 0 , relative pressure at the saturation vapour pressure of the adsorbate gas. c, Breakthrough curves, N 2 (pink, rectangles) and CO 2 (black, circles) for ZIF-95 using a CO 2 /N 2 gas mixture (left); CH 4 (red, triangles) and CO 2 (black, circles) for ZIF-100 using a CO 2 /CH 4 gas mixture (right). The relative intensities of each gas passing through the ZIF-95-and ZIF-100-packed column were obtained using a mass spectrometer to detect ion peaks at m/z 1 5 44 (CO 2 ), 16 (CH 4 ), 28 (N 2 ) and 12 (CO). Mean value from multiple parallel experiments (n $ 3, standard deviation s # 5% for all isotherms and #6% for breakthrough curves) was adopted for each data point. Owing to the slow diffusion, ZIF-100 does not exhibit a stepped isotherm as expected for a mesoporous material. 
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